Biomolecular indicators of manuring
In a recent communication entitled 'The beginnings of manuring in western Europe', Bakels (1997) stated 'that the arable soil of former fields has undergone changes that have totally obliterated the soil's original properties' as one explanation for a lack of evidence concerning ancient manuring of off-site soils. While changes in soil structure may make any morphological identification of ancient manuring unviable, the same cannot necessarily be assumed of the chemical composition of that soil. Organic chemicals or, more specifically, biological marker compounds (or 'biomarkers') have considerable potential for use in the detection of manure inputs to ancient soils and sediments. Bakels (1997) lists the various materials used in ancient manuring practices including domestic waste, animal dung, organic rich sediments (e.g. ditch fills) and seaweed. The exploitation of the former two classes of manure is especially important since they comprise a substantial proportion of faecal matter containing highly diagnostic and recalcitrant biomarkers which can provide vital information about ancient agricultural practices and settlement economy. Whilst the detection of such compounds will not be able to determine manuring in all of its many guises, this approach will be very valuable in those situations involving the systematic deposition of faecal material. Indeed, the opportunity offered by molecular markers of past human activity, in soils and sediments, relative to phosphate survey with its inherent difficulties has already been recognized (David 1995) . In this article we briefly review the current status of research in this area and show, with examples drawn from our recent work, that the addition of manure to prehistoric field systems can be detected using specific biomarkers.
5P-Cholestan-3P-01 (coprostanol; la) is formed from cholest-5-en-3P-01 (cholesterol; 4a) by microbial action in the intestinal tracts of most higher mammals (FIGURE 1; Murtaugh & Bunch 1967; Hatcher & McGillivary 1979) . Since coprostanol is intimately associated with faeces it has been exploited in numerous medical studies involving stool samples (e.g. Barker et al. 1993; Midvedt & Midvedt 1993) . However, to date, the most prolific area of research has utilized coprostanol as a biomarker to investigate modern-day sewage pollution. The majority of these studies involve the analysis of coprostanol associated with sediments andlor particulates in marine ecosystems (e.g. Green et al. 1992; Venkatesan & Mirsadeghi 1992; Nichols et nl. 1993; Sherwin et al. 1993; Gendre et al. 1994; Jeng & Han 1994; Takada et al. 1994; Chalaux et al. 1995) .
In analogy with the reduction of cholesterol to coprostanol the related 5P-stanols, 24-methyl-MUCK ' N MOLECULES: ORGANIC GEOCHEMICAL METHODS FOR DETECTING ANCIENT M A " G 87 FIGURE 1. A scheme depicting the route of formation and deposition of sterol derived products. The pathway can be used to describe the production and fate of 5P-stanols and 5a-stanols formed from cholesterol (4a), campesterol (4b) and sitosterol(4c).
5~-cholestan-3~-ol(5~-campestanol; 1b) and 24-ethyl-5P-cholestan-3P-01 (5P-stigmastanol; l c ) , may also be formed from their respective stenol analogues 24-methylcholest-5-en-3~-ol (campesterol; 4b) and 24-ethylcholest-5-en-3P-01 (sitosterol; 4c; FIGURE 2 ) . Since these compounds occur predominantly in terrestrial plants the higher stenols consumed in the course of a mammal's diet will also be transformed by gut bacteria, thereby providing a series of 5P-stanols the relative proportions of which can indicate the dietary preference of the mammalian source. TABLE 1 defines the structures of the primary manure biomarkers and provides examples of their utilization in archaeology. Generally, ruminants excrete faeces containing high proportions of 5P-campestanol and 5P-stigmastanol whilst coprostanol is the dominant 5P-stanol in the faeces of omnivores. A more rigid set of criteria for distinguishing between faecal sources has been proposed by Bethell et al. (1994) and Evershed & Bethel1 (1996) . Interestingly, dog faeces do not contain 5P-stanols, presumably since dogs lack the microorganism(s) required to convert A5-sterols to 5P-stanols (Leeming et al. 1994; Elhmmali 1998) . It is currently unknown whether this is a feature of all carnivores.
Further diagnosis of a specific faecal source may be made using bile acids, another suite of biomolecules commonly found in faeces . Analysis of the bile acids in pig faeces has revealed 3a,6a-dihydroxy-5P-cholanoic acid (hyodeoxycholic acid; 5) as the predominant component whilst there is a notable absence of 3a,~2a-dihydroxy-~~-cholanoic acid (deoxycholic acid; 6). Conversely, the bile-acid profile of human faeces contains 3a-hydroxy-5P-cholanoic acid and is dominated by deoxycholic acid. Hence, by using bile-acid analysis, a differentiation may be made between human and porcine faecal matter inputs (Matschiner 1971; Evershed & Bethel1 1996; Elhmmali et al. 1997; Elhmmali 1998) . Together, with 5P-stanols, bile acids constitute a series of highly specific compounds suited to the detection of faecal matter introduced into the soil environment.
The persistence of biomolecular indicators
An understanding of the long-term diagenetic value and longevity of faecal biomarkers is essential when assessing these compounds in archaeological soils. Work by this laboratory has endeavoured to assess these characteristics through the analysis of a series of carefully maintained experimental soils. Both of the sites used in this investigation represent modern-day equivalents to off-site archaeological arable soils. In a study involving the Butser Ancient Farm site in Hampshire, UK, Evershed et ~l . (1997) analysed soils from a plot which had been subjected to manuring over half of its area for 13 years. Samples of both manured (15 samples) and unmanured (15 samples) soils were taken at 1-m intervals across a randomly chosen field transect and subsequent analyses made for 5P-stanols. Three control samples from another area of the site, not subjected to cultivation, were also taken. Furthermore, the results of the biomolecular analyses were compared with those from magnetic susceptibility measurements, total lipid and organic elemental C, H and N analyses, and a range of inorganic elements. The results of the latter physical and elemental analyses revealed little or no enhancement in the manured soils compared with the unmanured areas; only potassium showed any significant increase. This is particularly interesting with respect to total phosphate, which was also measured, since it is widely used as an indicator of ancient faecal deposition (Eidt 1984; Prasch-Danielsen & Simonsen 1988) . Conversely, there was a clearly discernible increase in 5P-stanol abundance in the manured area of the field relative to the unmanured and control areas. Moreover, inspection of the 5P-stanol profile revealed SP-stigmastanol as the dominant component, correctly indicating the ruminant origin of the applied manure; a result unobtainable by the other types of analysis performed.
A second study focusing on soils from the Hoosfield Spring Barley Experiment at Rothamsted Experimental Station in Hertfordshire, UK, examined the pedological longevity of 5P-stanols derived from farm-yard manure (FYM; Bull et QI. 1998). Soil samples from arable plots receiving three different treatments were used in this study: one had received no manure since 1852 (unmanured; 4 samples); another had received manure for 20 years (1852-1871) but none since (FYM-residues; 5 samples); and the third had been manured annually since 1852 (continuous manure; 4 samples). In addition to modern-day samples, soils archived and dating back as far as 1882 (1882,1913,1946, 1965 and 1995) were also analysed. As anticipated, the soil in continuous receipt of manure contained a high abundance of 5P-stanols relative to other sterols whilst the unmanured (control) soil contained only minor quantities of these compounds. Of greater interest was the 5P-stanol content of the FYM-residues (1852-1871) soil which, even after receiving no manure for over 120 years, still contained 5P-stanols at concentrations above those of the unmanured soil. Once again the relative proportion of 5P-stanols indicated the ruminant source of manure. Since the experimental soils had been subjected to continual annual crop growth (spring barley) and ploughing the marked persistence of these compounds is encouraging. Certainly one would expect such manuring 'fingerprints' to exhibit even greater persistence in less exposed archaeological soils. Similar investigations concerning bile-acid components are currently on-going but since they are known to be more resistant to microbial degradation than 5P-stanols they should exhibit a greater pedological persistence (Elhmmali et ~l . 1997) . These studies attest to the longevity and high diagnostic value of manuring biomarkers and supports their use for detection of faecal depositiodmanuring in archaeological studies with a degree of certainty.
Archaeological chemistry
One of the earliest archaeological studies of faecal compounds was undertaken by Lin et al. (1978) who analysed the steroidal components extracted from six ancient human coprolites. The coprolites were obtained from dry deposits unearthed in Lovelock Cave, Nevada, some of which were ascertained, by radiocar-bon dating, to be more than 2000 years old. The sterol contents were observed to consist of, on average, 78% 5P-stanols, dominated by coprostanol, and a relatively lower abundance of stenols although cholesterol accounted for G. 20% of total sterols in older coprolites. Additionally, lithocholic acid and deoxycholic acid were noted as the major bile-acid components; both this and the 5P-stanol distribution, dominated by coprostanol, attested to a human source. Whilst this study clearly demonstrates the remarkable longevity of these compounds it does not represent a rigid test of the biomarker approach since the samples were morphologically extant.
In a later study Knights et al. (1983) examined five soil samples obtained from the profile of a Roman defensive ditch located at the Antonine Wall in Bearsden, Scotland. Additionally, a sample of commercial garden peat was examined as a reference. Analysis of the steroidal content of one horizon revealed the presence of coprostanol and its congeners: 5P-campestanol and 5P-stigmastanol. The relative ratio of these three 5P-stanols was observed to be consistent with ratios obtained from human coprolites as reported by Lin et al. (1978) . Furthermore, deoxycholic acid was observed to occur in the same soil whilst samples from other horizons did not contain any of these compounds at detectable levels. From these data it was concluded that the layer containing a high abundance of 5P-stanols was formed from use of the ditch as a cess-pit in antiquity. This proposal was supported further by biological evidence, e.g. cereal debris, seeds and pollen, which were considered to be consistent with an inflow of sewage from nearby archaeological bathhouse latrines. The soil analysed had been subjected to prolonged periods of wet conditions and contained no macroscopic remnants of human coprolites, but a chemical 'fingerprint' of faecal deposition nevertheless remained. Additional investigations of this type have similarly confirmed archaeological cess deposition at other locations, e.g. Pepe et al. (1989) and Pepe & Dizabo (1990) .
Recent work by this laboratory has established a more rigid set of criteria, based on the specific molecular signature, to assess the presence of faecal matter in soils independent of the simple occurrence of coprostanol. Study of modern latrine material led Bethel1 et al. (1994) to propose the following criteria, relative to a control, as indicative of the presence of human faeces:
Higher absolute levels of 5p-stanols; Higher coprostanol:5~-stigmastanol ratio (i.e.
In general, higher absolute abundances of more coprostanol); 5a-stanols (i. e. 3a, 3b, 3c) .
Furthermore, the following threshold ratios for reliable identification of human faecal material were established:
A percentage of coprostanol relative to the total 5P-stanol content of 55% or more; A ratio of coprostanol:5~-stigmastanol of 1.5:1 or greater.
The above criteria were then applied to results from analyses of a 17th-century latrine (1 soil sample), a medieval garderobe (3 soil samples) and two suspected Roman cess-pits (a total of 11 soil samples). Deposits from both the latrine and garderobe yielded high relative abundances of coprostanol indicating cess deposition whilst results from one of the suspected Roman cesspits also yielded a positive fulfilment of the criteria; thus providing strong evidence for its suspected function as a cess-pit. One point of overriding importance demonstrated by this study was that 5P-stanols also exist at a background abundance in soils that are not in receipt of substantial quantities of faecal material. This background comprises faecal excretions of both exogenous (e.g. birds, mice, rabbits etc.) and endogenous (soil macro-and mesofauna) origin and is naturally present in the majority of soils irrespective of locality. Biomarker techniques are most applicable where there has been a spatial andlor temporal variation in the input of faecal matter, e.g. resulting from animal penning or repeated manure applications. Furthermore, the establishment of criteria to obtain a positive identification of faecal deposition independent of the simple occurrence of 5P-stanols is extremely useful. In a modern-day study of faecal pollution, Grimalt et al. (1990) constructed further criteria to account for the natural background of 5P-stanols. It was proposed that a ratio, of coprostanol abundance to the sum of coprostanol and 5a-cholestan3p-01 (5a-cholestanol; 3a) abundances, would be a more reliable parameter for assessing faecal pollution than the absolute abundance of coprostanol. Values 20.7 were considered indicative of faecal pollution; however, we would contend that archaeological samples are likely to require a lower limit due to greater degradation of the less stable component, coprostanol, with time. We have modified this ratio for archaeological investigations to include 5p-c holes tan-3 01-0 1 (epico pros tanol ; 2 a), a diagenetic transformation product of coprostanol, thereby helping to off-set an effect of early diagenesis which would otherwise render the ratio proposed by Grimalt et al. prone to underestimation of faecal pollution levels in archaeological soils (Bull 1997) :
One consequence of a natural background of extant faecal biomarkers is the importance of control samples; however, it should be emphasized that appropriate care must be taken in their selection. Any selection of controls must appreciate that differences in the abundance of biomarker components may also be wrought by changes in soil environment as well as anthropogenic activity. In many cases problems regarding controls can be circumvented by choosing a sample set which includes soils of anthropogenic and non-anthropogenic origin arranged either spatially (e.g. a field) or temporally (e.g. a soil profile). For example, the Butser Ancient Farm experiment (see above) clearly exhibits a spatial enhancement of 5p-stanols over the manured strip of soil. However, analysis of the same soils without foreknowledge of manuring treatments would still indicate an enhanced manure input to the central strip with or without the three control samples; in such cases the quantity and spacing of soil samples confers a level of self-consistency to the sample set.
Our more recent investigations have focused on off-site deposits of the class of concern to Bakels (1997) . One investigation has tested the extent to which free soil lipids reflect known historic manuring practices associated with a relict 12th-lgth-century anthropogenic deep top-soil in West Mainland, Orkney (Simpson et al. in press) . Six soil samples taken from around the site of a medieval farmstead were analysed along with three faecal controls (bovine, human and porcine). The results demonstrated that total lipid extracts reflected expected spatial variability in manuring intensity across the deep top-soil area, declining with distance from the farmstead. Specific organic manure inputs were also identified; the presence of campesterol, sitosterol and 5P-stigmastanol was consistent with an expected composted turf and ruminant animal manure application to the deep top-soil area. A departure from the expected results was the significant presence of coprostanol, reflecting omnivorous animal manure deposition and confirmed as pig manure by the identification of hyodeoxycholic acid. This simultaneous use ofboth lip-stanols and bile acids, in a multi-molecular approach, greatly increases the confidence we may place in the use of faecal biomarkers (Evershed & Bethel1 1996) . These analyses established that lipid biomarkers are retained in medieval to early modern landscapes, that they allow more precise identification of manure sources and patterns of deposition than conventional pedological techniques, and suggest that historic documentation forms only a partial record of manuring practice. This particular example does not include a sample defined solely as a 'control'; indeed it begs the question, at what distance from a site does a soil become a control but remain contextually relevant? Clearly there is little doubt that the increase in faecal biomarkers and total lipid, closer to the farmstead, indicates an intensification in ancient activity. The fact that we already know the location of the settlement only simplifies the choice of samples needed to show this correlation. Without foreknowledge of the settlement a larger sample set may have been required but similar conclusions would have been reached.
Extension of these analyses to buried fossil, Bronze Age and early Iron Age (c. 1900-200 BC) anthropogenic deep top-soils in Orkney was used to confirm the long-term persistence of biomarkers in soils (20 soil samples and 5 putative inputs (cattle dung, dung derived midden, grass turf, plant litter and seaweed); Simpson et al. 1998) . At Tofts Ness, Sanday, the occurrence of campesterol and sitosterol was consistent with a contribution of turf to early anthropogenic soil formation, whilst the identification of coprostanol, at a significant relative abundance in deeper samples, indicates an input of omnivorous manures which, given the low quantities of pig bone and concomitant lack of deoxycholic acid in the site stratigraphy, suggests a human origin. The absence of 5p-stigmastanol indicates that ruminant animal manure was not applied, implying that human faecal matter may have formed the organic basis of manuring practice. In this case each buried fossil soil yielded a temporal sample set as soils were excised from increasing profile depth. Faecal deposition was confirmed by applying the modified form of the ratio proposed by Grimalt et al. (1990) . FIGURE 3 depicts the change in this ratio, with depth, for one such soil profile. The sample taken at 35-40 cm depth comprises an admixture of the youngest fossil soil and overlying calcareous sand; this is reflected in the very low ratio indicating little, if any, manure input to the upper regions of the profile. From 45-80 cm the ratio corresponds with a minor input of faecal material, the proportion of which is fairly consistent. Samples from >80 cm depth exhibit still higher ratios implying that a greater proportion of manure was used in construction of the deeper sections of the anthropogenic profile. In this case, the ratio was the defining parameter and not a 'control'. Indeed it is difficult to envisage a soil which could be used as a meaningful control, given the anomalous nature of these soil formations. Similar analyses of soils (11 soil samples from a profile and 1 control soil) from an Early to Middle Minoan (c. 4000 years BP; Betancourt & Simpson 1992) agricultural terrace on Pseira Island, Crete, yielded a characteristic 5P-stanol manuring signal (Bull et a]. 1995; Bull 1997; Bull et al. in press) . Coprostanol quite clearly dominated amongst the saturated components i n the deepest soils (285 cm) of the trench profile indicating a human or porcine source of faecal material. Given the paucity of archaeological data concerning pig husbandry on the 94 I.D. BULL, LA. SIMPSON, P.F. VAN BERGEN & R.P. EVERSHED island, a manuring regime utilizing both human faeces and household waste is the most plausible explanation for the observed signal. The addition of household detritus to the manure was supported by the discovery of potsherds in the same soil. Potsherd scatter is considered to be diagnostic of systematic manuring in antiquity resulting from the inclusion of cultural debris with faecal matter and other materials constituting settlementderived manure (Bintliff & Snodgrass 1988) . Certainly, given the location of the terrace above the associated settlement site, it is unlikely that the observed scatters arose as a result of postdepositional disturbance of site artefacts. The co-occurrence of both chemical and artefactual evidence of manuring is extremely encouraging, supporting future use of both techniques. These studies increase the confidence with which biomarkers may be utilized in the study of offsite soils; the vastly different pedological environments demonstrating their persistence in soils of temperate as well as more arid environment.
New directions
We now regard the use of biomarkers of faecal deposition as a well-developed method for obtaining additional information from archaeological sites. 5P-stanols and bile acids constitute a series of highly diagnostic compounds, the inherent stability of which confers a remarkable longevity in the pedosphere. Use of both compound classes in a multi-molecular approach enables identification of single, and in certain situations, multiple sources of faecal matter. Moreover, this approach does not require any morphological remnants of faecal deposition/manuring to remain in the soil and as such has the potential to provide information where other types of soil analysis can, and do, fail to reveal anything to archaeological studies. One point of particular importance which needs to be addressed is whether any differentiation between fields used for grazing livestock and those manured during the course of arable cultivation may be made. Current work by this laboratory, concerning Orcadian field systems, aims to provide an answer to this problem.
Whilst the analysis of 5P-stanols and bile acids can be a substantial aid in the detection of faecal material it is appreciated that 'manuring' per se is a rather ambiguous term.
A broad range of materials may be used to fertilize soils, including turves, sediment and seaweed, so manure composition need not necessarily always include faecal material. Whilst the detection of these other components is inherently more complicated, it is not a totally unfeasible prospect. For example, turves and sediment used as manure may have been excised from a significantly different environment in terms of floral and faunal input. Such differences can affect the soil lipid profile since the composition of source lipids is altered with differing floral growth and faunal activity (van Bergen et al. 1997; Bull 1997) , an effect which can be detected via lipid analysis of soils in and around areas of ancient manuring.
An alternative method by which the systematic deposition of marine-derived material (sediment and seaweed) may be investigated exploits the natural stable carbon isotope ratio (P3C value) of the organic matter in these materials. The carbon content of organic matter derived kom marine sources generally contains a slightly higher proportion of the heavier I3C isotope (cJ T) which may be detected when such material is mixed with temperate soils which generally contain a lower relative proportion of 13C. This procedure has already been used successfully in one archaeological study, concerning formations of anthropogenic soils in Orkney, to detect an input of seaweed (Simpson 1985; Davidson et at. 1986) . Recent advances have enabled the stable carbon isotopic ratios of single molecular species to be determined Freeman et al. 1990) . A still more recent development realises the possibility of using the stable isotopes of nitrogen (PN values) determined for individual amino acids (Merrit & Hayes 1994) . Our recent work at experimental and archaeological sites shows variations in certain amino acids that appear to be associated with specific manuring treatments (Simpson etal. 1997) . Hence, compounds known to constitute part of the organic content of a putative manure input can now be targeted for isotopic analysis, thereby generating a whole new level of additional information from the same lipid components (Bull 1997) .
Irrespective of the methods used for detection the study of ancient manuring has been, and remains, a vibrant area of research. Studies to date support the use of highly diagnostic faecal biomarkers in the detection of ancient manuring practices. However, it should be stressed that the different methods of detecting ancient deposition of manure, be they organic, inorganic or physical, are not mutually
